The effects of extracorporeal shock waves (ESWT) on tendon healing were assessed by observing histological and biomechanical parameters in a rat model of injury to the tendo Achillis. The injury was created by inserting an 18-G needle through tendo Achillis in 48 adult Wistar albino rats. The animals were divided into three groups. The first group received radiation only after the operation. The second received no shock waves and the third had 500 15 KV shocks on the second post-operative day. All the rats were killed on the 21st day after surgery.
The effects of extracorporeal shock waves (ESWT) on tendon healing were assessed by observing histological and biomechanical parameters in a rat model of injury to the tendo Achillis. The injury was created by inserting an 18-G needle through tendo Achillis in 48 adult Wistar albino rats. The animals were divided into three groups. The first group received radiation only after the operation. The second received no shock waves and the third had 500 15 KV shocks on the second post-operative day. All the rats were killed on the 21st day after surgery.
Histopathological analysis showed an increase in the number of capillaries and less formation of adhesions in the study group compared with the control group (p = 0.03). A significantly greater force was required to rupture the tendon in the study group (p = 0.028). Our findings suggest a basis for clinical trials using ESWT.
Extracorporeal shock-wave therapy (ESWT) has resulted in considerable changes in the routine management of calculi of the urinary system. Several experimental studies describing the use of ESWT on wound healing have been reported. Haupt and Chvapil 1 observed in an animal model that the stimulating effect of low-energy shock waves led to significantly increased vascularisation of the upper dermis and a thicker layer of newly formed epithelial cells covering the wound. Rupture of tendo Achillis is among the most frequently encountered injury to tendons. 2 Healing of damaged tendon tissue may require immobilisation for eight weeks before adequate strength is regained. 3, 4 Unfortunately, prolonged periods of immobilisation of a limb or joint may be complicated by atrophy of muscles and articular cartilage, osteoarthritis, skin necrosis, tendocutaneous adhesions, and thrombophlebitis. [5] [6] [7] [8] [9] [10] New methods are required to accelerate the healing of the tendon. According to Potenza 11 such healing involves the proliferation of fibroblasts in the synovial layer, paratenon and at the injured ends. The formation of adhesions, an increase in fibroblasts, organisation of collagen, an increase in capillaries and thickening of the epitenon may all be observed during the process of healing. Any method which stimulates tissue healing without causing associated damage may decrease the incidence of complications after tendon injuries.
Our aim therefore was to investigate the effect of shock waves on the healing of tendons using histological and tensile parameters in a rat model of injury to tendo Achillis.
Material and Methods
We used 48 male Wistar albino rats of the same generation. Their median weight was 280 g (252 to 309). The experimental design and treatment of these animals were approved by the Animal Care Committee of our institution.
The animals were randomly divided into three equal groups as follows: 1) a sham group receiving only radiation after surgery; 2) a control group with no shock waves after surgery; and 3) a study group which received shock waves after surgery. Half of each group was assessed histologically and half biomechanically by random assignment. Operative technique. After induction of anaesthesia by an intramuscular injection of ketamine (100 mg/kg) plus xylazine (1 mg/kg) with simultaneous intramuscular ceftriaxone (50 mg/kg) partial rupture of the left tendo Achillis was performed using the method described by Frieder et al. 12 Briefly, a hole was created by full-thickness insertion of an 18-G needle through tendo Achillis 1 cm proximal to its insertion into the calcaneum.
On the second post-operative day shock waves were applied under fluoroscopic control to the study group as 500 shocks in five minutes with an intensity of 15 kV. An electro-hydraulic-type extracorporeal shock-wave unit, Breakstone 200 Lithotripter System (Breakthrough Medical Corp, Gaittersburg, Maryland), was used. The sham group underwent the same surgical procedure as the study group, but did not receive shock waves.
All the rats were killed on the 21st post-operative day. The tendons were removed for histopathological examination and placed in a fixative solution of 10% formalin, dehydrated with gradually increased concentrations of alcohol, before being embedded in paraffin. Longitudinal sections 6 µm thick were obtained using a standard rotary microtome and fixed onto silanised slides for staining with haematoxylin and eosin. The tendons used for the biomechanical studies were dissected carefully and included the whole tendon from the musculo-tendinous junction to its insertion. Histopathological analysis. Longitudinal sections of tendo Achillis were investigated under light microscopy with haematoxylin and eosin staining. The degree of formation of adhesions, the presence of giant fibroblasts, the proliferation of fibroblasts, organisation in collagen deposition, the increase in capillaries, and cellular proliferation at the synovial layer of the epitenon (increased thickness) were all evaluated separately. Each item was graded by a single histologist (AG) according to a semiquantitative approach as absent (0), mild (1), moderate (2), moderate to severe (3), and severe (4) without the knowledge of the specimen group. Biomechanical analysis. Biomechanical tests were performed at the quality control laboratories of the Standard Profil Factory, Duzce, Turkey by using the material test system, Zwick 1446 Universal (Zwick, Ulm, Germany). The length, surface area and cross-sectional area of each tendon were Photomicrographs showing a) a longitudinal section of a rat tendon in the control group with no shock waves and with intense formation of adhesions distorting the tendon axis (arrow) (haematoxylin and eosin x 60) and b) a low-power view with gross adhesions similarly distorting the tendon axis (arrow) (haematoxylin and eosin x 25). Differences between the groups were tested for significance by the chi-squared test for the histological studies. The Kruskal-Wallis one-way analysis of variance was used to test differences between the groups for the biomechanical studies and compare the weights of the animal groups. A p value of less than 0.05 was considered to be statistically significant.
Results
Histopathological findings. The histopathological findings are summarised in Table I . The difference between the control and study groups was significant in terms of the forma- Photomicrographs showing a) a longitudinal section of a rat tendon of the study group with ESWT with a mild formation of adhesions without distortion of the tendon axis (arrow), and a slight increase in the capillaries (haematoxylin and eosin x 80) and b) the same tendon with a low-power view with mild formation of adhesions without distortion of the tendon axis (arrow), (haematoxylin and eosin x 40). Photomicrograph of a longitudinal section of a rat tendon in the control group without ESWT. There is apparent disorganisation of the collagen tissue (thin arrow), a moderate increase in the number of fibroblasts and associated gross adhesions (thick arrow) (haematoxylin and eosin x 28). Photomicrograph of a longitudinal section of a rat tendon of the control group without ESWT. There is apparent disorganisation of the collagen tissue, and an increase in the number of the fibroblasts with gross adhesions (haematoxylin and eosin x 66).
tion of adhesions. Gross adhesions, apparently distorting the axis of the tendon (Fig. 1) were observed in two of the control group. The remainder of the control group also had some formation of adhesions. However, half of the rats in the group which had had ESWT had no adhesions. The remaining animals of the study group had only mild adhesions preserving the axis of the tendon. Figure 2 shows mild thin adhesions which did not disturb the configuration of the tendon. The difference between the study and control groups was statistically significant (p = 0.03). No beneficial effect of radiation was observed. However, the deposition of collagen did not differ between the control and study groups (p = 0.21). Figures 3 and 4 show altered deposition of collagen with an increase in fibroblasts and gross adhesions and Figure 5 the greater organisation of collagen in the ESWT group. The increase in the number of capillaries was significant between the study and control groups (p = 0.03). The control and sham groups were not statistically different. All the rats in the study group had some increase in capillaries (Fig. 6) . However, in six (75%) of the control group no change was seen while the other two had only a slight increase. 
Discussion
The physical properties of high-energy shock waves are very similar in all currently available lithotripters. A highenergy amplitude of pressure (shock waves) is generated in water by the abrupt release of energy by several different mechanisms. The acoustic waves are transmitted through water and soft tissues with little attentuation in energy because of their similar densities.
13,14 Consequently, energy can be focused on a target area. Valchanou and Michailov 15 investigated the effects of shock waves on pseudarthrosis and delayed union. They concluded that shock waves created microfissures at sclerotic fracture ends which in turn increased the vascular supply and facilitated healing. The clinical success was reported to be 85%. These initial studies with promising results have led to an increase in the use of ESWT in orthopaedics for a variety of indications. Photomicrograph of a longitudinal section of a rat tendon in the study group with ESWT. There is relatively regular organisation of the collagen tissue and moderate increase in fibroblasts (haematoxylin and eosin x 66). Photomicrograph of a longitudinal section of a rat tendon in the ESWT group. There is marked regular organisation of the collagen tissue and an apparent increase in the capillaries (arrow) (haematoxylin and eosin x 110).
Recently, Hammer et al 16 reported a remarkably high clinical success with the use of ESWT in plantar fasciitis. Welldesigned clinical studies have suggested a benefit from the clinical use of shock waves on delayed bone union, tennis elbow, calcifying tendinitis of the shoulder, and plantar fasciitis. [17] [18] [19] [20] One of the possible uses of shock waves may be in the management of tendon injuries which constitute a dilemma in clinical practice. Currently, the management of traumatic rupture of tendo Achillis requires immobilisation lasting for six to eight weeks after either surgical or conservative treatment. 4, 21 However, this relatively long period of immobilisation can cause atrophy of muscles and articular cartilage, osteoarthritis, skin necrosis, tendocutaneous adhesions and thrombophlebitis.
5-10 Wills et al 22 reported a high rate of such complications (20% and 10%) after both surgical and non-surgical management. Various techniques such as ultrasound, direct-current electrical stimulation, and laser photostimulation have been used with some beneficial effects in tendon healing. [23] [24] [25] We used histological parameters to assess the contribution of shock waves to tendon healing. The histological changes such as the formation of adhesions, 26, 27 the increase in the number of fibroblasts, 26, [28] [29] [30] collagen organisation, 26, 27, 31 the increase in capillaries, 26, 27, 29 and thickening of the epitenon 26 have been observed in healing tendon. Potenza 26 demonstrated that proliferation of fibroblasts in both the synovial layer and paratenon led to healing. 26 The cellular activity of fibroblasts located at the injured ends also played a major role in the healing process.
A number of studies have demonstrated an increase in the number of fibroblasts in tendon healing. [26] [27] [28] [29] [30] Thermann et al 29 studied the fibroblast activity using three different methods of treatment namely, a primary functional approach, operative treatment with resorbable sutures and operative treatment with fibrin glue. The number of fibroblasts was highest in the first group after one week, but increased in the other two groups in the second week. After four weeks, a decrease was seen in all groups. Finally, at the 12th week, a normal appearance was observed in all three groups. We did not detect any difference among the groups in terms of the increase in the number of fibroblasts at the third week. Conversely, it has been shown that angiogenesis is initiated during the second week. 26 This is regarded as an important component of tendon healing in many studies. 26, 27, 29, 30 In our study we observed a significant increase in the number of capillaries in the ESWT group compared with other groups. Additionally, in the study of Therman et al 29 tendon fibrils were seen to be regular in the functional group when compared with the operated groups.
Potenza 11 showed that tendon healing after injury begins with the infiltration of inflammatory cells and fibroblasts from surrounding tissue. An increase in the number of fibroblasts is seen during the initial three weeks after injury. In the case of surgical repair, a new healing tissue consisting of mainly collagen produced by fibroblasts fills the space between the sutures. Subsequently, this new tissue is transformed into normal tendon tissue. 32 The tensile strength of the repaired tendon depends on the concentration and organisation of the collagen. The development of adhesions between the healing tendon and surrounding structures correlates with the intensity and the duration of the inflammatory reaction. It also depends on the several other factors such as the degree of mobilisation of the tendon during the healing period. Tendon healing is a complex process which involves many cellular, vascular, and extracellular matrix factors. 33 Shock waves may be expected to increase the blood circulation in the tissues which are treated. This would increase the oxygen content and significantly reduce the concentration of carbon dioxide in the tissue which may stimulate the healing process. It has been shown that shock waves increase membrane permeability and stimulate osteogenesis, tissue regeneration, reabsorption of the calcium deposits, and secretion of local growth factors. 34 It has also been proposed that shock waves have an analgesic activity by intense axonal stimulation (gate control theory). 34 However, the direct effects of shock waves on targeted tissues are not clearly defined. It is thought that they physically produce extracellular cavitation with ionisation of molecules and increased membrane permeability. The production of radicals and subsequent biomolecular interactions is observed as a late event. It is believed that intracellular reactions and molecular alterations then develop with consequent biological results yielding permanent histological changes.
Our preliminary histopathological study 31 showed the formation of cellular vascular granulation tissue containing dense inflammatory cell infiltration and multiple multinuclear giant cells as a consequence of the use of ESWT on rat tendons. This in turn yielded a better organised healing process with a decrease in fibrillar disorganisation, and dense infiltration of lymphocytes and histiocytes in the shock-wave group. The levels of hydroxyproline, as a marker of tissue regeneration, were found to be high in the shock-wave groups. The most striking feature of our study was the improved functional outcome after ESWT as shown by the results of the biomechanical analysis. This corroborates our previous observations and suggests a basis for clinical trials.
